The yeast transcription factor GAL4 is widely used in Drosophila genetics to misexpress genes that are under control of the yeast upstream activator sequence (UAS). Here we show that high levels of GAL4 change the expression of many Drosophila genes in a UAS-independent manner, including genes that encode components of important signaling pathways. We find that at least part of the genomic response to GAL4 appears to be caused by effects of GAL4 on stress and immune response pathways. Finally, using the transcription factor Senseless as an example, we demonstrate how an interaction between GAL4 and a GAL4-driven protein can impede the use of the GAL4/UAS system in experiments aimed at determining the transcriptional response to a misexpressed gene.
Introduction
The GAL4/UAS system has become an indispensable tool for genetic misexpression experiments in Drosophila. 1 A large selection of GAL4 driver lines is available that express GAL4 in specific spatiotemporal patterns, controlled by enhancers of the fly genome. Other lines carry inducible promoters for conditional, e.g., heat-shock-driven expression of GAL4. UAS-responder transgenes, encoding normal or altered proteins, can be expressed in the enhancer-specified patterns or induced at specific developmental times after crossing driver and responder lines. 2, 3 Recent refinements of the system have provided additional options for the temporal control of tissue-specific GAL4 expression. 4 Although GAL4 has no ortholog in Drosophila and the Drosophila genome contains no copies of the UAS element used in the responder transgenes, it has been reported that expression of GAL4 has dosage-dependent biological effects in this species. GAL4 expression in the eye imaginal disc, driven by GMR-GAL4, leads to eye defects and apoptosis. 5 Whereas the eye defects are only apparent if GAL4 is expressed from two copies of the transgene, increased apoptosis is already observed in GMR-GAL4 heterozygotes. 5 Similarly, GAL4 causes cell death and dose-dependent behavioral defects when expressed in a subset of neurons controlling rhythmic behavior. 6 Here, we show that expression of GAL4 can cause a genomic response in Drosophila that may explain these biological effects. Further, we present data suggesting that effects caused by high levels of GAL4 greatly complicate the use of the GAL4/UAS system in transcriptional profiling experiments.
Results and Discussion
The apparent biological effects of GAL4 observed in Drosophila 5, 6 suggest that there might be a genomic response to GAL4 in this species. In an attempt to use the GAL4/UAS system in transcriptional profiling experiments (see below), we obtained data that supported this hypothesis. To substantiate these data and to determine the suitability of GAL4 for cell death studies in the larval salivary glands, we examined the genomic response to heat-shock-driven expression of GAL4 in this tissue. Affymetrix gene chips were used to analyze gene expression profiles after expression of GAL4 in prepupae of two independent lines, P{hs-GAL4 }X1 and P{hs-GAL4 }89. We used two lines to distinguish effects caused by GAL4 from effects caused by gene disruption at the transgene integration site. RNA samples were obtained from the salivary glands of animals carrying two copies (P{hs-GAL4 }X1 and P{hs-GAL4 }89) or one copy (only P{hs-GAL4 }89) of the transgene, which allowed us to assess the dosage dependence of potential responses. The experimental samples were compared to control samples obtained from w 1118 animals carrying no GAL4 transgene that had been subjected to the same heat treatment as the GAL4-expressing animals.
We found that 1,009 genes showed an at least 1.5-fold increase or decrease in expression in each of the two GAL4-expressing lines after heat shock induction from two copies of the transgene. These genes thus define a core set of genes responding to hs-GAL4 in Drosophila ("GAL4 core"; Table S1 ). As our analysis was restricted to the salivary glands, the total number of genes that can respond to GAL4 in Drosophila likely exceeds the 1,009 genes identified here. For instance, genes responding negatively to GAL4 will only appear in the list if they are expressed in prepupal salivary glands. Likewise, additional genes may positively respond to GAL4 in other tissues, for instance if a response requires cooperation of GAL4 with other transcription factors that are not present in the salivary glands. Most genes (69%) respond positively to GAL4, while the remaining 31% are downregulated. Table 1 lists those genes that show the strongest positive or negative response to the transcription factor. When GAL4 is expressed from only one copy of the transgene, most of the genes show the same positive or negative response, but the extent of the response is usually weaker, indicating dosage dependence. As the changes in expression of many of these genes are still considerable, genomic effects of GAL4 are relevant under normal experimental conditions (typically, GAL4 is expressed from only one copy of the transgene). We inspected the genes listed in Table 1 , including 10 kb of flanking upstream and 5 kb of flanking downstream sequence, for matches to the GAL4 core DNA recognition element (CGGN 5 WN 5 CCG). 12 A comparison to a control group of GAL4 non-responsive genes did not reveal that these genes contain exceedingly high numbers or clusters of this sequence element. Both the non-responsive and responsive genes examined contain up to 4 matches to the core sequence within 10 kb of their upstream sequence or no matches at all. This suggests that the observed effects of GAL4 do not necessarily require binding of the protein to canonical DNA-binding sites and may solely depend on protein-protein interactions.
Classification of the GAL4-responsive genes by annotation identified several groups of genes that are enriched among these genes, including genes encoding actin-binding proteins and proteins involved in protein ubiquitination (Table S2 ). Enrichment of the latter group suggests that cells increase their capacity to degrade protein in response to GAL4, possibly as a protection from high levels of GAL4 protein produced from the strong heat shock promoter. This observation suggests that the cells undergo a stress response that may, at least in part, be responsible for the observed changes in gene expression. However, at least two lines of evidence suggest that GAL4 has effects on gene expression that are independent of a stress response. First, 69% of the genes that respond to GAL4 are upregulated. In contrast, the majority of the genes that respond to heat or other types of stress are downregulated, with the notable exception of heat shock genes. 13 Second, expression of GAL4 together with a second transcription factor (see below) results in the complete or partial repression of 80% of all GAL4-activated genes. If activation of these genes occurred in response to stress caused by protein overproduction, one would predict a further increase and not a reduction in their expression. These observations suggest that most of the genes activated by GAL4 do not respond to GAL4-induced stress, but are activated by GAL4 through an unknown mechanism. One of the mechanisms by which GAL4 could influence gene expression is a selective block of protein transport into the cell nucleus. Uv et al., 14 have shown that the nuclear import of GAL4 critically depends on the presence of the nucleoporin Dnup88. Dnup88, encoded by the members only (mbo) gene, is essential for the nuclear translocation of a subset of proteins including GAL4, but not for nuclear protein import in general. Among the proteins that depend on Dnup88 are the NFκB/Rel family members Dif and Dorsal. Together with the NFκB/Rel protein Relish, these proteins are the central transcription factors of the two signaling pathways that control innate immunity in Drosophila, the Toll and Imd pathways. 15 Consistent with a role of Dnup88 in the transport of all three proteins, mbo mutants exhibit a severe immune deficiency phenotype with defects in both pathways. 14 Strikingly, genes of the two pathways, including dorsal and Relish, are enriched among the GAL4-responsive genes (Table S2) . spätzle and genes encoding peptidoglycan recognition proteins are considerably upregulated by GAL4. The products of these genes are immediate upstream components of the Toll pathway that sense bacterial or fungal infection and relay this information to the Toll receptor. Upregulation of these genes could, therefore, be caused by a feedback loop that is activated by GAL4 through competition with the nuclear transport of NFκB/ Rel proteins and, consequently, a blockage of signal transduction through the Toll pathway.
Interestingly, enriched among the GAL4-responsive genes are not only genes of the Toll and Imd pathways, but also genes encoding proteins with protein tyrosine kinase activity (Table S2 ). This is of significance because the GAL4/UAS system is often used to experimentally dissect signaling pathways. To identify additional pathways that might be influenced by GAL4, we carried out a more thorough inspection of the microarray results for changes in the expression of genes encoding signaling and signal-transducing proteins including transcription factors. We found that GAL4 indeed changes the expression of a considerable number of regulatory genes representing various pathways, including the Wnt and JAK/STAT signaling pathways in addition to the pathways discussed above. Table 2 lists those genes that showed the strongest response. These observations raise the possibility that the observed effects of a gene of interest may result from regulatory interactions with GAL4-responsive pathways. Wild-type and GAL4-alone controls are not necessarily sufficient to uncover these false responses.
One of the goals of our study was to determine whether GAL4 changes the expression of known or potential cell death regulators, as suggested by the apoptotic effects of GAL4 observed in some systems. 5, 6 Our data indicate that apoptosis-related genes are, indeed, enriched among the GAL4-responsive genes (Table S2) . Most of these genes show a significant response already to one copy of the GAL4 transgene ( Table 2 ). The cell death gene whose expression is most strongly changed by GAL4 (~12-fold upregulated) is the Bcl-2 family member debcl, which has pro-apoptotic functions. [16] [17] [18] [19] At the same time, GAL4 downregulates the second Bcl-2 family member of Drosophila, Buffy, which has anti-apoptotic functions and is inhibited by Debcl. 18, 20 Thus, a changed balance of Bcl-2 proteins may account for cell deaths caused by GAL4 expression. 5, 6 The Bcl-2 family members of Drosophila have been shown to play a role in stress-induced cell death, 18, 21 suggesting that the apparent stress response to high levels of GAL4 may lead to the changed expression of these genes. Another pro-apoptotic gene strongly upregulated by GAL4 encodes the tumor necrosis factor Eiger, which is a strong inducer of cell death when expressed in the eye. 22, 23 Eiger may, thus, be responsible for GMR-GAL4-induced apoptosis that has been observed in this tissue. 5 Other pro-apoptotic genes are strongly downregulated by GAL4, including the caspase activator Ark (Apaf-1/CED-4 homolog of the fly) and the caspase Ice (Table 2) . Ark is required for death of the larval salivary glands of Drosophila during metamorphosis. 24 Thus, hs-GAL4 should be used with caution in studies of cell death in this tissue. The responses of pro-and anti-apoptotic genes to GAL4 suggest that GAL4 can have both stimulatory and inhibitory effects on cell death pathways. The phenotypic manifestation of these effects likely depends on the expression level of the transcription factor, the tissue in which GAL4 is expressed, and the developmental context.
The dosage dependence of the genomic response to GAL4 predicts that GAL4 expressed from weaker promoters may have mitigated or no effects on many of the genes identified here. To test this prediction, we expressed GAL4 from the ubiquitous tubulin promoter, alone or in the additional presence of a UAS-GAL4 element that enhances GAL4 expression. Total RNA was extracted from whole adult males and analyzed by Northern blot hybridization for the presence of the mRNA of five genes that showed a strong response to hs-GAL4 (Chi, debcl, os, Tdc1, tra2; see Tables 1 and 2 ). Although control hybridizations confirmed expression of GAL4, none of the genes tested showed significant activation (data not shown). These results suggest that, if the experimental design permits, weaker promoters should be preferred over the use of the strong heat shock promoter.
GAL4 expressed from non-heat shock promoters has been used in transcriptional profiling experiments aimed at identifying the genomic response to misexpressed transcription factors and protein kinases. [25] [26] [27] In a similar approach, we attempted to use heat shockdriven expression of GAL4 and a UAS responder to examine the genomic response to the transcription factor Senseless (Sens). However, interpretation of the results proved to be severely compromised by an apparent transcriptional interference between GAL4 and the misexpressed protein. sens was expressed from UAS-sens 8 in prepupae using P{hs-GAL4 }89 and the same heat shock regime used for expression of GAL4 alone. RNA was extracted from dissected salivary glands and analyzed with Affymetrix gene chips. Gene expression in the presence of Sens plus GAL4 was then compared to gene expression in the presence of GAL4 alone and to gene expression in the absence of both GAL4 and Sens. This dual set of controls should allow the identification of genes that are both responsive to Sens and may represent biologically relevant targets of Sens in the salivary glands. Because of the genomic response to GAL4, exclusive comparison to gene expression in the presence of GAL4 alone falsely identifies many of the GAL4-activated genes as potentially relevant targets of Sens. For example, none of the genes listed in Table 1 as upregulated by GAL4 is expressed to a significant extent in the larval salivary glands under normal conditions (mean expression values <109). However, all but two of these genes (CG9733 and CG18744) are identified as downregulated by Sens in an hs-GAL4/UAS-sens versus hs-GAL4 comparison. The latter observation suggested that Sens might predominantly act as a transcriptional repressor. Indeed, when all genes of the GAL4 core set that were at least 1.2-fold activated by GAL4 in the presence of one copy of P{hs-GAL4 }89 were examined for their responsiveness to Sens, the vast majority of these genes, 80%, turned out to be downregulated by Sens. Intrigued by this high percentage, we asked whether genes that do not respond to or are downregulated by GAL4 show a similar predominantly negative response to Sens. We found that of those genes that do not or only weakly (<1.2-fold) respond to GAL4, 52% are downregulated by Sens. A similar 56% of the genes that are at least 1.2-fold downregulated by GAL4 show an additional downregulation by Sens.
Thus, Sens appears to preferentially repress GAL4-activated genes. While the mechanism of this repression is not clear, one possibility is that it is caused by competition between the two proteins for the binding of one or more transcriptional co-activators. Irrespective of the underlying mechanism, the apparent interaction between the two transcription factors greatly reduces the validity of the microarray data obtained for Sens. Interactions of this kind may not be as obvious, but still present, when hs-GAL4 is used to drive the expression of other proteins. Given the extent of the transcriptional response to high-level expression of GAL4, the likelihood of such interactions represents a serious impediment to the use of heat shock-driven expression of GAL4 in transcriptional profiling experiments.
In sum, our results show that expression of high levels of GAL4 in Drosophila can cause a dramatic genomic response. This observation leads us to infer that heat shock-driven expression of GAL4 should be avoided in experiments aimed at determining the transcriptional response to misexpressed genes. This conclusion is supported by our finding that interactions between GAL4 and the misexpressed protein can have a considerable impact on the validity of the resulting data sets. Alternatives to heat shock-driven expression of GAL4 are the use of weaker promoters, in conjunction with control experiments that carefully monitor the effects of GAL4 alone, or the use of transgenes in which the gene of interest is under the direct control of a heat shock promoter. 28, 29 The weaker genomic response to heat treatment, which mostly affects stress response genes (ref. 13; and Liu Y and Lehmann M, unpublished results), should make this a more reliable approach in transcriptional profiling experiments.
Materials and Methods
Fly stocks and crosses. Flies carrying P{GAL4-Hsp70.PB}89-2-1, 7 (FBti0002141) (located on the third chromosome; hereafter referred to as P{hs-GAL4 }89) were obtained from the Thummel laboratory. A new line carrying this element on the X chromosome, P{hs-GAL4 } X1, was generated by mobilizing the P element in P{hs-GAL4 }89 flies using the transposase source Δ2-3 and standard procedures (using flies of the genotype w/w; wg Sp-1 /CyO; ry 506 Sb 1 P{Δ2-3}99B/ TM6B, Tb + ; FBti0000124; provided by the Bloomington stock center). Heat shock-driven expression of GAL4 in P{hs-GAL4 }X1 strongly induces GFP expression from UAS-2xEGFP, indicating that the hs-GAL4 gene is functional at the new integration site (data not shown).
Flies carrying UAS-sens C5, 8 were provided by Hugo Bellen. For expression of UAS-sens in prepupae, these flies were crossed to P{hs-GAL4 }89 flies. Prepupae of the recipient strain for P element transformation, w 1118 (FBal0018186), were used as control animals and to generate progeny heterozygous for the P{hs-GAL4 }89 element.
For the Northern analysis of gene expression after normal or UAS-GAL4-enhanced expression of GAL4 from the tubulin promoter, flies of the genotype y 1 w*; P{tubP-GAL4 }LL7/TM3, Sb 1 (FBst0005138) were crossed to w 1118 flies or flies of the genotype y 1 w 1118 ; P{UAS-Gal4.H}12B (FBst0005939). Total RNA extracted from whole adult males of the progeny and from w 1118 control males was analyzed by Northern blot hybridization as described. 9 Developmental staging and sample preparation. Prepupae and pupae were staged by collecting freshly formed prepupae within 30 min of puparium formation and keeping them on damp filter paper at 25°C for a specified period of time. For ectopic expression of sens from UAS-sens, UAS-sens and P{hs-GAL4 }89 flies were crossed, and prepupae of the progeny were collected at 9 hours after puparium formation and heat shocked for 30 min at 37°C. w 1118 , heterozygous P{hs-GAL4 }89, and homozygous P{hs-GAL4 }89 and P{hs-GAL4 }X1 prepupae were treated the same way. After heat shock, the animals were allowed to recover at 25°C until the salivary glands were dissected for RNA preparation at 14 hours after puparium formation. Total RNA (~15-30 μg) was extracted from about 100 salivary glands using Trizol (Gibco) and purified on RNAeasy columns (Qiagen). Microarray analyses. Hybridization to Affymetrix Drosophila Genome Arrays was carried out by the microarray facility of the University of Maryland Biotechnology Institute (UMBI). RNA samples were obtained in three biological replicates from P{hs-GAL4 } X1 and UAS-sens /P{hs-GAL4 }89 animals, in one replicate from P{hs-GAL4 }89 animals carrying either one or two copies of the transgene, and in two replicates from w 1118 control animals. Quantity and quality of the RNA was analyzed at UMBI using an Agilent 2100 Bioanalyzer. RNA labeling, hybridization and scanning were carried out using standard protocols recommended by Affymetrix (described in detail in GEO accession number GSE8623; http://www.ncbi. nlm.nih.gov/geo/). Raw data were normalized and compared using dChip. 10 Normalization was carried out per chip in the PM/MM mode in two separate groups (group 1: UAS-sens /P{hs-GAL4 }89, P{hs-GAL4 }89 one copy, w 1118 , median intensity of baseline assay used for normalization was 150; group 2: P{hs-GAL4 }X1 two copies, P{hs-GAL4 }89 two copies, P{hs-GAL4 }89 one copy, w 1118 , median intensity of baseline assay used for normalization was 145). The data sets were filtered for genes that showed an at least 1.5-fold relative change in their mean expression and an absolute expression change of more than 100. In addition, genes were only selected if they had at least 2 present calls in the 2 x P{hs-GAL4 }X1 samples and 0 to 2 present calls in the w 1118 control samples or 0 to 3 present calls in the 2 x P{hs-GAL4 }X1 samples and 2 present calls in the w 1118 control samples. This restriction identified 2,899 genes in the P{hs-GAL4 } X1 line. Genes that demonstrated statistically significant differences between the w 1118 and 2 x P{hs-GAL4 }X1 samples were identified in a parametric test; variances not assumed equal (Welch t-test) using a p-value cutoff of 0.05, and multiple testing correction with the Benjamini and Hochberg False Discovery Rate (FDR). 11 About 5.0% of the 1,456 identified genes would be expected to pass the restriction by chance (analysis performed with GeneSpring 7.3.1; Agilent Technologies, Santa Clara, CA). The "GAL4 core" list of GAL4-responsive genes was compiled by selecting genes (identified by FlyBase gene number) that showed an at least 1.5-fold increase or decrease in both of the GAL-4 expressing lines. Groups of genes enriched among the GAL4-responsive genes (p < 0.01) were identified using the "Classify Genes" function of dChip that uses Gene Ontology terms to search for gene function enrichment among filtered genes. Other searches for genes by annotation terms were performed using Microsoft Access. Additional searches of the data sets were carried out at a 1.2-fold relative-change threshold (data not shown). Searches for GAL4 core DNA recognition elements in selected genes were performed with NEBcutter V2.0 (New England Biolabs). The microarray data have been deposited in NCBIs Gene Expression Omnibus (GEO, http://www. ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE8623.
